Introduction {#Sec1}
============

Over the past decade, policy initiatives to improve air quality have been implemented nationwide and in New York State \[[@CR1]\]. These measures included the lowering of the sulfur content of diesel and home heating fuels, use of particle regenerative traps, and nitrogen oxide controls on new heavy-duty diesel vehicles. Additionally, several actions to reduce sulfur dioxide (SO~2)~ and nitrogen oxide (NOx) emissions from power plants in upwind source areas have also been enacted (i.e. Cross-State Air Pollution Rule). Furthermore, economic changes have also led to changes in emissions \[[@CR1], [@CR2]\]. The economic drivers include the recession of 2008 that resulted in generally decreased economic activity and thus lower emissions, and a dramatic decline in the price of natural gas that displaced coal as a fuel for electricity generation.

These policy initiatives and economic drivers resulted in changes in the concentrations and composition of air pollutants measured in Rochester, NY \[[@CR1]--[@CR3]\]. Long-term trend analyses from 2001/2002 to 2015/2016 in Rochester showed decreases in concentrations of particulate matter with aerodynamic diameter \< 2.5 μm (PM~2.5~), accumulation mode particles (AMP, 100--500 nm), ultrafine particles (UFP, ≤ 100 nm), black carbon (BC), SO~2~, and carbon monoxide (CO), while the concentration of ozone (O~3~) showed a slight upward trend \[[@CR4]\]. The reduction in PM~2.5~ concentrations was largely attributed to substantial decreases in sulfate and nitrate (− 65% and − 37%, respectively, from 2001 to 2015) \[[@CR1]\], which are secondary PM species formed from the oxidation of precursor gases SO~2~ and NOx. These pollutants have been previously associated with adverse cardiovascular outcomes \[[@CR5]--[@CR10]\].

Short-term increases in PM~2.5~ concentrations in the previous hours and days have been repeatedly associated with the triggering of myocardial infarction \[[@CR8], [@CR11]--[@CR17]\], including prior Rochester studies reporting triggering of ST segment elevation myocardial infarction (STEMI) by short-term increases in ambient PM~2.5~ concentrations in the previous hour \[[@CR11], [@CR12]\]. Furthermore, Rich et al. reported a higher rate of MI associated with increased PM~2.5~ concentrations when the PM~2.5~ mixtures had high mass fractions of secondary PM species (sulfate, nitrate, and/or organics), compared to when the mixtures had low mass fractions of secondary PM species \[[@CR18]\]. This result suggests that PM~2.5~ high in secondary species, formed through active, oxidative atmospheric photochemistry, may be more likely to trigger myocardial infarctions than primary fine particles \[[@CR18]\]. Given these findings, reduced concentrations of secondary PM species sulfate and nitrate following the policy initiatives described above may result in a lower rate of STEMI per unit mass of PM, compared to periods when PM contained a higher proportion of secondary PM.

Using data on patients with a STEMI treated at the University of Rochester Medical Center (URMC) and air pollutant concentrations measured in Rochester, we examined whether the rate of STEMI associated with increased PM (PM~2.5~, UFP, and AMP) concentrations in the previous few hours and days was modified by periods defined based on the time of pollutant source changes following these environmental policies. We hypothesized that increases in the rate of STEMI associated with the same incremental increase in PM concentrations would be smaller AFTER these pollutant changes occurred (2014--2016), compared to BEFORE (2005--2007), and DURING this period (2008--2013). We also explored effect modifications by periods (BEFORE, DURING, and AFTER) of the rate of STEMI associated with concentrations of BC and gaseous pollutants SO~2~, O~3~, and CO.

Methods {#Sec2}
=======

Study population {#Sec3}
----------------

We included all patients treated at the Cardiac Catheterization Laboratory (Cath Lab) at URMC in Rochester, NY for STEMI between January 1, 2005 and December 31, 2016, who resided within 15 miles of the pollution monitoring station in Rochester. If a patient experienced multiple STEMIs during the study period, we only included STEMI that occurred at least 72 h after a previous STEMI, resulting in 921 STEMI events in 912 patients available for analyses. Patients' demographic and clinical characteristics were also obtained. This study was approved by the University of Rochester Medical Center Research Subjects Review Board. Informed consent was not required since data were past events and the research could not affect treatment, there was no contact with study subjects, and all results are presented in aggregate only.

Outcome assessments {#Sec4}
-------------------

American College of Cardiology (ACC)/American Heart Association (AHA) guidelines were used at the time of Cath Lab admission to diagnose STEMI \[[@CR19]\]. Specifically, STEMI was defined as ST segment elevation on the presenting electrocardiogram (ECG) of \> 1 mm in ≥2 contiguous precordial leads, or in ≥2 adjacent limb leads, or new or presumed new left bundle branch block in the presence of angina or angina equivalent. ECG criteria are both necessary and sufficient for the diagnosis of STEMI in a patient deemed by the treating physician to have symptoms consistent with cardiac chest pain. Symptom onset time (date and hour) was self-reported by each patient (or kin if the patient was unable to communicate) upon arrival to the URMC Cath Lab.

Air pollution and meteorology measurements {#Sec5}
------------------------------------------

The New York State Department of Environmental Conservation operates a routine air quality monitoring site in Rochester, New York, where PM ~2.5~ mass concentrations, SO~2~, O~3~, and CO were measured continuously throughout the study period (2005--2016). However, the CO and SO~2~ monitors were replaced near the end of 2010 with higher sensitivity models. The measured CO concentrations from 2007 to the installation of the new monitor were generally close to the instrument's detection limit (0.2 ppm). This site operated a single-wavelength (880 nm) aethalometer (Magee Scientific, Berkeley, CA, USA) to measure black carbon (BC) until mid-2008, and a two-wavelength unit (370 and 880 nm) from July 2008 to the present. Particle number size distributions were measured using a Scanning Mobility Particle Sizer (SMPS, TSI, Inc., Shoreview, MN). The concentrations were aggregated into several size groups including UFP (≤ 100 nm) and AMP (100--500 nm). The UFP were further divided into UFP11-50 nm (marker for nucleation and spark ignition vehicle emissions) \[[@CR20]\] and UFP50-100 nm (marker of diesel vehicle emissions and residential wood burning; Aitken mode) \[[@CR21]--[@CR23]\]. These data have been presented and their trends analyzed in several recent studies \[[@CR3], [@CR24]\]. NOx data were not available for the entire study period and thus were not included in our study. Temperature and relative humidity data measured at the Rochester International Airport were obtained from the National Climate Data Center. Hourly means of each pollutant and weather variables were used in all statistical analyses described below.

Study design {#Sec6}
------------

We used a time-stratified case-crossover design to estimate the rate of STEMI associated with air pollutant concentrations \[[@CR25], [@CR26]\]. This design contrasts pollutant concentrations immediately before the acute STEMI (case-period) to other time periods when the patient did not have an acute STEMI (control period). Case periods of this study were defined as the 1, 3, 12, 24, 48, and 72-h periods prior to the time of STEMI symptom onset, with control periods (3--4 per case, depending on the number of days in calendar month) matched by calendar year, month, weekday, and hour of the day. Since these case and control periods were separated by 1 week, there was no overlap in the air pollutant concentrations included in the case and control periods. Further, since the case and control periods were from the same patient, time-invariant confounders such as age, gender, and chronic comorbidities were controlled by design. Factors that varied between the case and control periods (e.g., temperature and relative humidity) were potential confounders included in our models.

Statistical analysis {#Sec7}
--------------------

First, we computed the average concentrations of each pollutant (PM~2.5~, AMP, UFP, UFP 11-50 nm, UFP 50-100 nm, BC, SO~2~, O~3~, and CO) in the 1 (lag hour 0), 3 (lag hours 0--2), 12 (lag hours 0--11), 24 (lag hours 0--23), 48 (lag hours 0--47), and 72 (lag hours 0--71) hours prior to each symptom onset (i.e. case) time and its matched control time. If the time of symptom onset of a STEMI event was estimated to be in the first 29 min of the hour (e.g. 12:28), then lag hour 0 was defined as the previous hour (i.e. 11:00--11:59). If the STEMI symptom onset time was estimated to be in the 30th minute or after (e.g. 12:49), then lag hour 0 was defined as that same hour (i.e. 12:00--12:59). We then regressed the case-control status (i.e., case = 1, control = 0) against the mean PM~2.5~ concentration at lag hour 0 of the case and control periods, using conditional logistic regression models stratified by each case-control set, adjusting for mean temperature and relative humidity during the same lag hours. We used Akaike's information criterion to select the optimal functional form (natural spline with 2, 3, 4, or 5 degrees of freedom versus 1 degree of freedom/linear) for these two covariates. One degree of freedom (linear) was selected for both variables and used in the model. We also estimated the rate of STEMI associated with each interquartile (IQR) increase in the average PM~2.5~ concentration at longer lag hours (lag hours 0--2, 0--11, 0--23, 0--47, and 0--71) in separate models in the same manner. We then repeated these analyses for the other pollutants (AMP, UFP, UFP 11-50 nm, UFP 50-100 nm, BC, SO~2~, O~3~, CO). Three sensitivity analyses were performed. First, we examined whether the exposure-response functions (i.e. relative rates in the model described above) were linear or non-linear, by comparing AIC from the model described above, to models where the rate of STEMI associated with increased pollutant concentration was modeled using a natural spline with 2, 3, 4, or 5 degrees of freedom. Second, we examined whether the pollutant/STEMI association changed after further adjustment for holiday in the model. Third, we examined whether the pollutant/STEMI association was modified by age (\< 65 vs. ≥65 years), sex (male vs. female), and history of smoking, diabetes, dyslipidemia, and heart failure (yes vs. no) in separate models by adding an interaction term (e.g. UFP \*male) to the model described above. The IQRs used to scale effect estimates were the IQRs of the pollutant specific lag times, from the control periods during the entire study years (2005--2016). Since the correlation among data resulting from multiple STEMI events contributed by the same patient is likely negligible (921 events contributed by 912 patients), we did not account for within-subject correlation in our analyses.

To examine whether the rate of STEMI associated with increased PM~2.5~ concentration in the previous hour (lag hour 0) was modified by the period of pollutant source changes (BEFORE \[2005--2007\], DURING \[2008--2013\], and AFTER \[2014--2016\]), we added two interaction terms of 'period' (a categorical variable with three levels) and PM~2.5~ concentration to the model of main effect analysis described above. We then repeated this analysis for other lag hours (lag hours 0--2, 0--11, 0--23, 0--47, and 0--71) and the other pollutants (AMP, UFP, UFP 11-50 nm, UFP 50-100 nm, BC, SO~2~, O~3~, CO). To account for the unbalanced distribution of patients' age across the three periods, in sensitivity analysis, we added an interaction term between pollutant concentration and age (\< 65 years vs. ≥65 years) to the model of effect modification by period described above. We then repeated this analysis for all patient characteristics with unbalanced distributions across the three periods (sex, smoking, diabetes, dyslipidemia, heart failure). Analyses were performed using SAS (version 9.4; SAS institute Inc., Cary, NC) and R (version 3.0.1, R foundation for statistical computing, Vienna, Austria, *splines* package). A *p* \< 0.05 was used to define statistical significance.

Results {#Sec8}
=======

Most STEMI patients were male (71%) and non-Hispanic white (83%), and were on average 63 years of age (standard deviation: ± 14 years) (Table [1](#Tab1){ref-type="table"}). Thirty-one percent of patients were smokers. Patients in the BEFORE period were generally older, less often male, and less often smokers compared to patients in the DURING and AFTER periods. The prevalence of a prior history of coronary artery bypass grafting (CABG), diabetes, and heart failure was higher in patients in the BEFORE period, than other periods. However, the prevalence of dyslipidemia was lower in patients in the BEFORE period (Table [1](#Tab1){ref-type="table"}). Table 1Characteristics of study subjects, by periodCharacteristicAll Years\
2005--2016\
(*N* = 921)^a^\
n (%)Before\
2005--2007\
(*N* = 249)^a^\
n (%)During\
2008--2013\
(*N* = 372)^a^\
n (%)After\
2014--2016\
(*N* = 300)^a^\
n (%)Age, years Missing ^b^4 (0)2(1)2(1)0(0) \< 50171 (19)36 (15)75 (20)60 (20) 50--59224 (24)50 (20)99 (27)75 (25) 60--69245 (27)59 (24)100 (27)86 (29) 70--79157 (17)52 (21)56 (15)49 (16) ≥ 80120 (13)50 (20)40 (11)30 (10) Mean ± standard deviation63 ± 1466 ± 1561 ± 1462 ± 13Male658 (71)165 (66)266 (72)227 (76)Race Missing ^b^256 (28)45(18)87 (23)124 (41) Caucasian550 (83)165 (81)238 (84)147 (84) African American82 (12)28 (14)34 (12)20 (11) Asian16 (2)3 (1)9 (3)4 (2) Other/unknown17 (3)8 (4)4 (1)5 (3)Clinical presentation (may have more than one) Missing ^b^134 (15)45 (18)87 (23)2(1) Prior MI122 (15)38 (19)42 (15)42 (14) Prior CABG50 (6)22 (11)15 (5)13 (4) CVD41 (5)14 (7)10 (4)17 (6) Smoking246 (31)48 (24)91 (32)107 (36) Hypertension525 (67)129 (63)199 (70)197 (66) Dyslipidemia424 (54)92 (45)168 (59)164 (55) Diabetes189 (24)59 (29)57 (20)73 (24) Prior HF41 (5)20 (10)13 (5)8 (3)BMI (kg/m^2^) Missing ^b^162 (18)71 (29)90(24)1(0) Normal (\< 25)179 (24)37 (21)74 (26)68 (23) Overweight (25 ≤ BMI \< 30)288 (38)67 (38)95 (34)126 (42) Obesity (30 ≤ BMI \< 35)195 (26)46 (26)85 (30)64 (21) Severe Obesity (BMI ≥ 35)97 (13)28 (16)28 (10)41 (14) Mean ± SD29 ± 629 ± 629 ± 529 ± 6Left ventricular ejection fraction Missing ^b^374 (41)249(100)108 (29)17 (6) ≤ 35%104 (19)--50 (19)54 (19) 36% - ≤45%136 (25)--73 (28)63 (22) \> 45%307 (56)--141 (53)166 (59) Mean ± SD47 ± 13--47 ± 1249 ± 13Data are N (%) or Mean ± SD. For any given characteristic, the denominator of percentage is all STEMIs with available data on that characteristic^a^Ns are the number of STEMIs. There were a total of 921 STEMIs among 912 patients^b^Denominator is all STEMIs (*N* = 921 for "All years", *N* = 249 for "Before", *N* = 372 for "During", and *N* = 300 for "After")

There were substantial decreases in the concentrations of almost all pollutants during the study period except for O~3~ (Table [2](#Tab2){ref-type="table"}). From the BEFORE to the AFTER period, the median concentration of PM~2.5~ decreased by \~ 30%, AMP by \~ 40%, UFP by \~ 45%, BC and CO by \~ 50%, and SO~2~ by \~ 90%. However, the median O~3~ concentration increased by \~ 30% from the BEFORE period to the DURING and AFTER periods. Further description of these changes in Rochester and across New York State has been provided previously \[[@CR1]--[@CR3]\]. Pearson correlations between hourly pollutants concentrations are shown in Additional file [1](#MOESM1){ref-type="media"}: Table S1. PM~2.5~ was moderately correlated with AMP (r = 0.62--0.69), but poorly correlated with UFP (r = 0.12--0.22) in all years. AMP was moderately correlated with UFP in the BEFORE (r = 0.53) and DURING (r = 0.57) period, but the correlation was weaker in the AFTER period (*r* = 0.29). Table 2Distribution of hourly pollutant concentrations and weather characteristics (lag hour 0 of control periods) by periodPercentilePollutantNMeanSDIQRMinimum5th25th50th75th95thMaximumPM~2.5~ (μg/m^3^) All years (2005--2016)29008.327.177.59−7.850.193.636.8311.2221.8676.15 Before (2005--2007)78810.378.748.40−3.310.864.848.2213.2426.7976.15 During (2008--2013)11348.316.837.60−3.940.253.806.7511.4021.8747.15 After (2014--2016)9786.675.556.60−7.85−0.362.765.699.3516.8048.65AMP (particles/cm^3^) All years (2005--2016)268078165869810138327610102519786578 Before (2005--2007)566113990898062179481940146129606015 During (2008--2013)11567395966723214031758698817976578 After (2014--2016)9586204405541012228252783614692926UFP (particles/cm^3^) All years (2005--2016)26804286377537027073817773232547911,70841,965 Before (2005--2007)566691652476046325130032355405928116,72041,965 During (2008--2013)1156349228323141191585146627984606864220,826 After (2014--2016)95836902958295170774172829234679921231,417UFP(11-50 nm)(particles/cm^3^) All years (2005--2016)268029632906275530392108721063842858832,747 Before (2005--2007)56648393958432715884520153762634212,70832,747 During (2008--2013)115623852148226011732788617703146651517,182 After (2014--2016)95825522485218230419103518053217720229,559UFP(50-100 nm)(particles/cm^3^) All years (2005--2016)2680132312421161141995329791693362811,198 Before (2005--2007)5662077182417017331687815682579594011,198 During (2008--2013)1156110797296348174470842143329438650 After (2014--2016)9581138886101614185504905152128516309BC (μg/m^3^) All years (2005--2016)30390.490.470.44−0.070.060.190.360.631.365.31 Before (2005--2007)7830.690.600.63−0.020.090.280.530.911.845.31 During (2008--2013)12260.500.440.46−0.070.080.210.370.661.343.74 After (2014--2016)10300.330.280.30−0.040.040.140.250.440.922.13SO~2~ (ppb) All years (2005--2016)30061.983.101.77−0.090.090.321.002.097.0068.00 Before (2005--2007)8224.114.413.000.001.002.003.005.0011.0068.00 During (2008--2013)11791.542.201.70−0.090.010.300.972.005.0021.00 After (2014--2016)10050.761.330.540.000.090.200.370.742.6116.35O~3~ (ppb) All years (2005--2016)299226.614.118.00.02.017.026.035.050.083.0 Before (2005--2007)82821.914.621.00.01.010.021.031.049.077.0 During (2008--2013)116228.114.016.00.04.020.028.036.051.083.0 After (2014--2016)100228.912.917.00.06.020.029.037.050.072.0CO (ppm) All years (2005--2016)29390.300.200.23−0.010.120.170.220.400.652.50 Before (2005--2007)8140.480.220.300.100.200.300.400.600.802.50 During (2008--2013)11240.260.160.140.000.120.160.200.300.601.10 After (2014--2016)10010.200.070.06−0.010.120.160.190.220.331.02Temperature (°F) All years (2005--2016)306550.720.332.1−5.019.234.850.066.983.796.4 Before (2005--2007)83948.418.930.51.420.233.246.963.778.795.9 During (2008--2013)119649.520.232.14.820.133.446.665.584.996.4 After (2014--2016)103053.921.032.9−5.017.538.055.370.984.392.6Relative Humidity All years (2005--2016)306464.519.932.07.130.049.066.381.093.0102.0 Before (2005--2007)83869.619.028.07.135.058.073.086.093.498.2 During (2008--2013)119664.119.531.012.030.049.066.080.093.0102.0 After (2014--2016)103060.920.132.015.029.045.061.077.093.099.0Number of total control periods = 3122; Number of control periods in the Before, During, and After period were 839, 1250, and 1033, respectively*SD* standard deviation, *IQR* interquartile range

Over all periods, estimates of the relative rate of STEMI associated with increased PM~2.5~ and AMP concentrations were all close to 1.0 and not statistically significant (Table [3](#Tab3){ref-type="table"}). However, increased rates of STEMI were associated with increased UFP and UFP 11-50 nm concentrations in the previous 1 (lag hour 0) and 3 h (lag hours 0--2). IQR increases in UFP concentrations in the previous 1 and 3 h were associated with 12% (95%CI: 3%, 22%) and 11% (95%CI: 2%, 22%) increases in the rate of STEMI, respectively. Similar to UFP, IQR increases in the particle number concentrations of UFP 11-50 nm (nucleation mode and spark ignition vehicle emissions \[[@CR20]--[@CR22]\]) at lag hour 0 and lag hours 0--2 were associated with 13% (95%CI: 4%, 22%) and 12% (95%CI: 3%, 21%) increases in the rate of STEMI, respectively. However, increases in UFP 50-100 nm (diesel vehicle emissions and residential wood burning; Aitken mode \[[@CR20]--[@CR22]\]) concentrations were not significantly associated with increases in the rate of STEMI, with effect estimates for all lag hours slightly greater than 1.0. Table 3Rate of STEMI associated with each interquartile range increase in pollutant concentration (2005--2016)Lag hoursInterquartile rangeNo. of STEMIOdds ratio95% confidence intervalPM~2.5~(μg/m^3^) 07.598581.030.95, 1.13 0--27.338481.050.96, 1.15 0--116.578551.020.93, 1.12 0--236.218541.010.91, 1.11 0--475.718480.980.89, 1.09 0--715.308330.960.87, 1.07AMP (particles/cm^3^) 06987791.070.97, 1.18 0--26887711.050.96, 1.16 0--116937801.030.91, 1.15 0--236707721.010.89, 1.14 0--476027631.010.88, 1.15 0--715437510.970.85, 1.11UFP (particles/cm^3^) 037027791.121.03, 1.22 0--235067711.111.02, 1.22 0--1132657801.050.93, 1.18 0--2329557721.000.88, 1.14 0--4725687631.060.93, 1.22 0--7123497511.000.86, 1.16UFP 11-50 nm(particles/cm^3^) 027557791.131.04, 1.22 0--225517711.121.03, 1.21 0--1123447801.030.92, 1.16 0--2321517720.970.85, 1.12 0--4718627631.040.90, 1.21 0--7116827510.980.84, 1.15UFP 50-100 nm(particles/cm^3^) 011617791.060.97, 1.14 0--211087711.060.97, 1.15 0--1111187801.070.96, 1.20 0--2310357721.050.94, 1.19 0--479527631.090.95, 1.25 0--718447511.020.89, 1.18Black Carbon (μg/m^3^) 00.448911.091.01, 1.18 0--20.438851.091.00, 1.18 0--110.428911.050.95, 1.16 0--230.398931.050.94, 1.16 0--470.358841.100.98, 1.23 0--710.338811.030.91, 1.17SO~2~(ppb) 01.778891.040.99, 1.09 0--22.208841.091.02, 1.18 0--112.278891.171.06, 1.29 0--232.308961.151.01, 1.30 0--472.198861.140.98, 1.33 0--712.228831.180.99, 1.41O~3~ (ppb) 018.08840.890.77, 1.03 0--217.38720.900.78, 1.04 0--1115.28880.920.80, 1.06 0--2313.78930.920.79, 1.07 0--4712.98870.870.73, 1.03 0--7112.38830.900.75, 1.07CO (ppm) 00.238661.151.02, 1.29 0--20.238521.131.00, 1.28 0--110.218731.100.96, 1.27 0--230.228751.070.91, 1.25 0--470.218701.100.94, 1.30 0--710.218641.080.91, 1.29Odds ratios were estimated from conditional logistic regression models adjusting for mean temperature and relative humidity during the same lag hour(s)*STEMI* ST-elevation myocardial infarction

IQR increases in BC concentrations (lag hour 0: 9%, 95%CI: 1%, 18%; lag hours 0--2: 9%, 95%CI: 0%, 18%) and CO concentrations (lag hour 0: 15%, 95%CI: 2%, 29%; lag hours 0--2: 13%, 95%CI: 0%, 28%) had similar patterns as UFP. Increased SO~2~ concentrations were associated with increased rates of STEMI in the previous 3 to 72 h, with statistically significant increases in the previous 3 to 24 h. Relative rates ranged from 1.14 to 1.18 in the previous 12 to 72 h. The rates of STEMI associated with each IQR increase in O~3~ concentrations in the previous 1 to 72 h were all less than 1.0 (OR = 0.87--0.92), but none were statistically significant. These results were essentially the same after additional adjustment for holiday (Additional file [1](#MOESM1){ref-type="media"}: Table S2). The rate of STEMI associated with increased UFP concentrations in the previous hour was not substantially different by age, sex, smoking, diabetes, dyslipidemia, and heart failure (Additional file [1](#MOESM1){ref-type="media"}: Table S3), although the relative rate was larger in males than females (1.16, 95%CI: 1.05--1.29 in males vs. 1.04, 95%CI: 0.89--1.21 in females). Further, there was no evidence of a non-linear UFP concentration-response function, as the rate of STEMI associated with increased UFP in the previous hour (linear function, 1 df) had the lowest AIC (2168.9) compared to models using a natural spline with 2 df (AIC = 2170.7), 3 df (2171.9), 4 df (AIC = 2173.7), or 5 df (AIC = 2174.9).

Increases in the rate of STEMI associated with increased concentrations of UFP, UFP 11-50 nm, BC, and SO~2~ were larger in the AFTER period compared to those in the BEFORE and DURING periods (Fig. [1](#Fig1){ref-type="fig"}; Table [4](#Tab4){ref-type="table"}). In the previous hour (lag hour with the largest UFP relative rate in Table [3](#Tab3){ref-type="table"}), each IQR (3702 particles/cm^3^) increase in UFP concentration was associated with 9% (95%CI: − 4%, 23%), 5% (95%CI: − 12%, 24%), and 26% (95%CI: 7%, 48%) increases in the rate of STEMI, in the BEFORE, DURING, and AFTER periods, respectively. This pattern remained even when separately including interaction terms between air pollution and age, sex, smoking, diabetes, dyslipidemia, and heart failure in the model (Additional file [1](#MOESM1){ref-type="media"}: Table S4). There were similar patterns for UFP in the previous 3 h, UFP 11-50 nm in the previous hour and previous 3 h, BC in the previous hour, and SO~2~ in the previous 1 to 24 h. However, the pattern for CO relative rates was different. Each IQR (0.23 ppm) increase in CO concentration at lag hour 0 was associated with 9% (− 6 to 26%), 31% (2 to 68%), and 29% (− 15 to 96%) increases in the rate of STEMI, in the BEFORE, DURING, and AFTER periods, respectively, showing similarly larger relative rates in the DURING and AFTER periods. We did not observe a pattern of effect modification by period for the associations between STEMI and PM~2.5~, UFP 50-100 nm, AMP, or O~3~. Fig. 1Rate of STEMI associated with each interquartile range increase in pollutant concentration, by time period. For each pollutant, the lag hour with the largest main effect that was statistically significant was selected for presentation. Error bars are 95% confidence intervals Table 4Rate of STEMI associated with each interquartile range increase in pollutant concentration in the Before, During, and After periodsLag hoursIQRBefore (2005--2007)During (2008--2013)After (2014--2016)No. of STEMIOR95%CINo. of STEMIOR95%CINo. of STEMIOR95%CIPM~2.5~ (μg/m^3^) 07.592341.030.91, 1.173391.070.92, 1.242850.990.81, 1.21 0--27.332331.040.92, 1.183331.040.90, 1.212821.080.86, 1.34 0--116.572351.030.91, 1.153361.010.87, 1.182841.000.81, 1.24 0--236.212341.000.89, 1.133351.000.85, 1.172851.030.83, 1.28 0--475.712350.960.84, 1.093280.980.83, 1.172851.070.85, 1.34 0--715.302320.910.79, 1.053210.980.82, 1.182801.110.88, 1.41AMP (particles/cm^3^) 06981661.070.93, 1.233281.070.93, 1.242851.080.84, 1.38 0--26881651.070.93, 1.233221.030.89, 1.202841.050.82, 1.35 0--116931650.990.84, 1.183281.080.90, 1.292870.990.75, 1.29 0--236701610.950.79, 1.143271.050.87, 1.272841.060.80, 1.39 0--476021560.980.81, 1.193241.010.83, 1.232831.060.80, 1.42 0--715431480.950.78, 1.163210.970.80, 1.182821.000.75, 1.34UFP (particles/cm^3^) 037021661.090.96, 1.233281.050.88, 1.242851.261.07, 1.48 0--235061651.120.99, 1.273220.990.83, 1.182841.241.04, 1.48 0--1132651651.110.94, 1.323280.970.79, 1.212871.040.81, 1.32 0--2329551611.000.83, 1.213270.960.77, 1.202841.070.83, 1.38 0--4725681561.060.86, 1.303241.010.80, 1.282831.140.87, 1.49 0--7123491480.950.76, 1.183210.940.73, 1.212821.180.89, 1.56UFP 11-50 nm (particle/cm^3^) 027551661.100.98, 1.243281.040.87, 1.232851.221.06, 1.41 0--225511651.121.00, 1.273220.980.82, 1.172841.221.04, 1.42 0--1123441651.100.94, 1.313280.930.75, 1.162871.020.81, 1.29 0--2321511611.010.83, 1.233270.900.71, 1.142841.010.78, 1.31 0--4718621561.090.87, 1.353240.980.76, 1.262831.050.79, 1.39 0--7116821480.950.75, 1.193210.910.69, 1.202821.130.84, 1.51UFP 50-100 nm (particles/cm^3^) 011611661.030.92, 1.163281.040.90, 1.212851.140.95, 1.37 0--211081651.070.95, 1.213221.010.86, 1.182841.120.92, 1.35 0--1111181651.090.92, 1.303281.060.87, 1.292871.040.84, 1.29 0--2310351610.990.83, 1.193271.060.87, 1.302841.150.91, 1.45 0--479521561.010.82, 1.253241.070.85, 1.342831.270.98, 1.64 0--718441480.950.76, 1.173210.980.78, 1.242821.220.93, 1.59BC (μg/m^3^) 00.442411.070.96, 1.203531.060.93, 1.202971.271.02, 1.59 0--20.432411.080.97, 1.213471.070.94, 1.232971.160.92, 1.47 0--110.422411.040.90, 1.193521.050.90, 1.242981.090.84, 1.42 0--230.392411.010.87, 1.173531.050.89, 1.242991.200.92, 1.56 0--470.352361.060.91, 1.243491.080.90, 1.302991.300.98, 1.73 0--710.332331.000.84, 1.183480.980.80, 1.213001.320.98, 1.78SO~2~ (ppb) 01.772431.020.97, 1.083531.020.91, 1.142931.181.01, 1.36 0--22.202431.070.98, 1.173481.060.90, 1.262931.341.07, 1.69 0--112.272421.181.05, 1.333511.040.84, 1.302961.401.00, 1.98 0--232.302451.140.99, 1.323540.980.73, 1.312971.621.10, 2.38 0--472.192441.110.93, 1.323461.080.77, 1.532961.610.98, 2.65 0--712.222421.100.89, 1.363441.370.92, 2.052971.550.84, 2.83O~3~ (ppb) 018.02450.880.70, 1.113500.910.74, 1.132890.880.68, 1.13 0--217.32440.860.68, 1.083420.940.76, 1.162860.910.70, 1.17 0--1115.22430.870.69, 1.093490.980.79, 1.212960.910.71, 1.17 0--2313.72470.910.70, 1.163500.960.76, 1.202960.890.68, 1.16 0--4712.92470.750.57, 0.993440.960.74, 1.252960.900.67, 1.21 0--7112.32460.780.59, 1.043401.060.80, 1.402970.860.63, 1.18CO (ppm) 00.232421.090.94, 1.263341.311.02, 1.682901.290.85, 1.96 0--20.232421.090.94, 1.263241.281.00, 1.652861.110.69, 1.78 0--110.212411.050.88, 1.253371.290.97, 1.702951.050.64, 1.70 0--230.222430.990.81, 1.203351.260.93, 1.712971.200.70, 2.06 0--470.212421.030.84, 1.263321.320.96, 1.822961.140.62, 2.11 0--710.212421.000.81, 1.243261.350.95, 1.932961.130.56, 2.27Odds ratios were estimated from conditional logistic regression models adjusting for mean temperature and relative humidity during the same lag hour(s)*IQR* interquartile range, *STEMI* ST-elevation myocardial infarction, *OR* odds ratio, *95%CI* 95% confidence interval

Discussion {#Sec9}
==========

In Rochester, NY from 2005 to 2016, increased rates of STEMI were associated with increased concentrations of UFP, UFP 11-50 nm, BC, and CO in the previous 1 to 3 h, as well as increased SO~2~ concentration in the previous 3 to 72 h. Further, we found larger rates of STEMI associated with UFP, UFP11-50 nm, BC, and SO~2~ in the period after air quality policy implementation and economic changes (AFTER period: 2014--2016) compared to the periods BEFORE (2005--2007) or DURING (2008--2013) these changes. Given concomitant changes in pollutant composition over the three periods, this difference in relative rate by period may reflect differential triggering of STEMI by specific PM constituents.

In our previous studies, Evans et al. reported a 17% increase in the rate of STEMI associated with each 7.1 μ g/m^3^ increase in PM~2.5~ concentrations in the previous hour using STEMI from 2007 to 2012 and subjects living in Monroe County, NY \[[@CR11]\], and Gardner et al. reported a 18% increased rate associated with each 7.1 μg/m^3^ increase in PM ~2.5~ in the previous hour using STEMI from 2007 to 2010 and subjects living within 15 miles of the Rochester monitoring station \[[@CR12]\]. When using data from 2005 to 2016, but the same analysis methods for subjects living within 15 miles of the monitoring station, we found only a 3% (− 5 to 12%) increased rate of STEMI associated with each 7.1 μg/m^3^ increase in PM~2.5~ in the previous hour. Differences in PM composition between the study periods and differences in study populations may explain, in part, this discrepancy. Most, but not all other case-crossover studies also reported increased risks/odds/rates of STEMI associated with short-term increases in PM~2.5~ concentrations \[[@CR13]--[@CR17], [@CR27]\]. However, most of these studies did not have symptom onset time and thus were not able to examine triggering of MI by increased pollutant concentrations in the previous few hours, perhaps missing an etiologically important time window. Most of these studies observed the largest increased rate of STEMI associated with pollutant concentrations in the concurrent or previous day, with excess relative rate estimates (associated with each 10 μg/m^3^ increase in PM~2.5~ concentration) ranging from 5 to 15% \[[@CR13], [@CR14], [@CR16], [@CR17]\].

In contrast with the lack of findings for PM~2.5~, we found a 12% increase in the rate of STEMI associated with each 3702 particles/cm^3^ increase in UFP concentration in the previous hour. Analyses of different UFP size fractions (11-50 nm and 50-100 nm) suggested that this observed increase in STEMI rate associated with UFPs was primarily driven by UFP 11-50 nm, which are mostly gasoline emissions and nucleation mode particles \[[@CR20], [@CR22]\]. UFPs comprise a large particle number concentration, but contribute little mass to PM~2.5~ \[[@CR28], [@CR29]\]. In the present study, PM~2.5~ mass concentration and UFP particle number concentration were poorly correlated (*r* = 0.21). Both UFPs and PM~2.5~ have been associated with adverse cardiovascular responses including systematic inflammation, oxidative stress, endothelial dysfunction, thrombosis and coagulation, and autonomic dysfunction \[[@CR7], [@CR10], [@CR30], [@CR31]\]. However, compared to larger particle fractions (e.g. AMP), UFPs deposit more deeply into the lung and may even escape clearance mechanisms and translocate into the circulatory system \[[@CR32], [@CR33]\]. Therefore, UFPs may exert adverse health effects via pathophysiological pathways different from PM~2.5~ and AMP \[[@CR30]\].

Consistent with a meta-analysis of air pollutants and MI by Mustafic et al. \[[@CR8]\], we observed increased rates of STEMI associated with increased CO and SO~2~ concentrations, but not O~3~. Our findings of an increased rate of STEMI associated with increased concentrations of BC in the previous hour (Excess Rate = 9%, 95% CI: 1%, 18%; per 0.44 μg/m^3^) and previous 3 h (Excess Rate = 9%, 95% CI: 0%, 18%; per 0.43 μg/m^3^) are generally consistent with a study by Zanobetti and Schwartz that reported an 8.3% (95% CI: 0.2%, 15.8%) increase in the risk of hospitalization for MI associated with each 1.7 μg/m^3^ increase in BC concentrations in the previous 2 days in Boston, MA from 1995 to 1999 \[[@CR34]\].

An interesting finding of our study is the pattern of larger rates of STEMI associated with increased concentrations of UFP, UFP 11-50 nm, BC, and SO~2~ in the period AFTER pollutant source and economic changes compared to the periods BEFORE or DURING these changes, which is contradictory to our a priori hypothesis. However, this is consistent with our other work conducted in New York State using hospital admissions of NY residents living near PM~2.5~ monitoring stations in Buffalo, Albany, Rochester, and New York City during the same study period of 2005--2016 \[[@CR35]\]. In that analysis, we observed a greater excess rate of ischemic heart disease hospital admissions associated with increased PM~2.5~ concentrations in the previous 2 days in the AFTER period (2.8%; 2014--2016) than in the DURING (0.6%; 2008--2013) or BEFORE (0.8%; 2005--2007) periods \[[@CR35]\]. Our finding of a greater excess rate of STEMI associated with increased UFP concentrations in the previous hour in the AFTER period (26%) compared to the DURING (5%) and BEFORE (9%) periods, is similar. Together, these findings may reflect the same change in PM composition and differential triggering of acute cardiovascular events by one or more PM components and/or PM mixtures. We suspect that secondary organic compounds and particle-bound reactive oxygen species (ROS) may play a role in the stronger adverse effect of these pollutants (i.e., UFP, UFP 11-50 nm, BC, SO~2~,) after economic changes and policy initiatives that reduced SO~2~ and NOx emissions. It is also possible that this lower relative rate estimated in the AFTER period was attributable to non-linearity of the exposure-response function. However, this seems unlikely, since our sensitivity analyses of the rate of STEMI associated with UFP in the previous hour suggested a linear (1 df) exposure-response function fit the data best.

Concentrations of sulfate and nitrate have decreased from 2005 to 2016 across Rochester and New York State following air quality policy initiatives and economic changes \[[@CR1], [@CR36]\]. However, Squizzato et al. and Zhang et al. reported that over this same period, secondary organic carbon increased across New York State \[[@CR35], [@CR37]\]. These decreases in SO~2~ and NOx emissions may have led to an increased oxidation rate of volatile organic compounds by hydroxyl radicals that would have otherwise reacted with the pollutant gases \[[@CR37], [@CR38]\]. The oxidation of SO~2~ and NO~2~ forms strong acid, but oxidation of organic compounds forms secondary organic aerosol and produces ROS such as peroxy radicals and peroxide compounds \[[@CR39]\]. ROS along with the secondary organics can deposit on particles (particle-bound ROS), which can then be inhaled leading to oxidative stress \[[@CR40]\]. Oxidative stress and associated inflammation are hypothesized to be key mechanisms underlying the adverse cardiovascular health effect associated with air pollutants \[[@CR7]\]. Although it is well known that ROS can be formed in situ after particles are deposited in the respiratory tract, little attention has been focused on particle-bound ROS \[[@CR39], [@CR40]\]. We suspect that PM high in secondary organics and ROS may be more toxic than PM high in secondary sulfate and nitrate in triggering MI.

Furthermore, recent source apportionment analyses across New York State including Rochester suggest that although PM~2.5~ concentrations and contributions from most major source types were decreasing, spark-ignition vehicle emissions were increasing \[[@CR4], [@CR37]\]. Rich et al. (2019) found increased rates of cardiovascular hospitalizations associated with increased concentrations of spark ignition vehicles and diesel emissions in the previous few days \[[@CR41]\]. The correlation coefficient between secondary organic carbon and the spark-ignition vehicle contribution to PM~2.5~ mass in Rochester was 0.73, suggesting that the increased formation of secondary organic carbon in the AFTER period may be associated with spark-ignition automotive emissions. This result is consistent with our findings that the UFP 11--50 nm fraction (marker for nucleation and spark ignition vehicle emissions \[[@CR23]\]) was the primary contributor for the increased rate of STEMI associated with UFP. Diesel emissions also contribute to nucleation mode particles \[[@CR23]\]. UFP 50--100 nm fraction (a larger mode indicator of diesel vehicle emissions) was not associated with increased rates of STEMI. Taken together, the observed stronger effect of UFP and BC on the rate of STEMI in the AFTER period may be explained by increased formation of secondary organics and ROS in the atmosphere, in part from spark-ignition vehicle emissions, and the subsequent increase in particle-bound ROS. These findings suggest that although the concentrations of PM have decreased following policy initiatives and economic changes, changing composition of PM may make the same dose of PM (e.g. each 3702 particles/cm^3^ of UFP) more toxic in triggering STEMI.

SO~2~ also had a stronger effect in the AFTER period, which may represent the influence of the remaining emissions from diesel traffic near the monitoring site including heavy-duty diesel traffic on the major roads and the adjacent diesel trains. Although on-road diesel fuel went to ultralow sulfur in 2006 and non-road diesel sold in NYS went to ultralow in 2012, out-of-state non-road diesel such as that used in diesel railroad engines was not ultralow sulfur until 2014. There would also be an influence from upwind coal-fired power plants in Dunkirk, NY (shutdown December 31, 2015) and Tonawanda, NY (Huntley Generating Station closed March 1, 2016). Thus, SO~2~ may be a surrogate for fresh secondary organic aerosol being produced in the upwind domain and transported with the SO~2~. CO had a stronger influence in the DURING and AFTER periods. CO could be a surrogate for spark-ignitions vehicles and residential wood combustion. Squizzato et al. \[[@CR37]\] reported that car registrations increased in Monroe County after 2010. However, this also may be a result of a more sensitive CO monitor starting in 2011, resulting in reduced exposure misclassification and less downward bias, and larger relative rates in the DURING and AFTER periods. Health effect studies based on apportioned source contributions are needed to further assess these associations.

This study had several strengths, including a large sample size and multiple years of exposure data, resulting in increased statistical power. Additionally, we used symptom onset time, estimated by the patient and treating physician, to define the start time of each STEMI event, likely resulting in less exposure error than previous studies that used only hospital arrival date/time \[[@CR8], [@CR13]--[@CR17], [@CR27]\]. Further, it allowed us to examine whether the rate of STEMI increased a few hours after increases in ambient pollutant concentrations, rather than just on or after one or more days.

However, our study also had several limitations. First, we used air pollution measurements from a central monitoring station to assign exposure to all subjects living within a 15-mile radius of the site, regardless of the specific distance from the monitoring station to subject's residence and/or where they worked and spent time. However, this exposure error is likely to be non-differential with regard to case and control periods and thus, should result only in underestimates of the relative rate of STEMI. The magnitude of this measurement error and underestimation may vary for different pollutants. UFP is thought to be more spatially variable than PM~2.5~ and AMP, and our previous work observed high spatial heterogeneity in BC across the Rochester area \[[@CR42]\]. Although UFP and BC may be subject to greater exposure error, we observed increased rates of STEMI associated with these two pollutants. The true effect estimates in the absence of exposure measurement error might be even larger.

Second, the three time periods BEFORE (2005--2007), DURING (2008--2013), and AFTER (2014--2016) were selected based on times of emission changes. However, for many of the policies and emission changes, there are no well-defined time windows for the change because the interventions were implemented over time. For example, emission standards are only for new vehicles, but we do not know how quickly people buy new cars and trucks and take old vehicles out of service. We determined the best approach was to select groups of years where there were moderately constant or specifically changing emissions. As is shown in Additional file [1](#MOESM1){ref-type="media"}: Figure S1 from Squizzato et al. \[[@CR2]\], SO~2~ emissions from coal-fired power plants in western New York were relatively high before 2008, and since 2008 it dropped substantially and remained at a relatively low level after 2013. The differences in air pollution concentrations and compositions among the 3 periods were analyzed and reported in Masiol et al. \[[@CR4]\], Zhang et al. \[[@CR35]\], and Croft et al. \[[@CR43]\]. In the present study, the BEFORE, DURING, and AFTER period is only a proxy for the time of air quality policy implementation/intervention or economic change.

Third, patients in the three periods were perhaps different regarding several clinical characteristics associated with an increased rate of MI \[[@CR44]\]. STEMI patients included in the BEFORE period were older and had a higher prevalence of diabetes and heart failure than patients in the AFTER period. By contrast, STEMI patients in the AFTER period were more often male, smokers, and more often had dyslipidemia. Although these characteristics may be related to susceptibility to acute effects of short-term air pollution exposure, our sensitivity analyses show that the pattern of larger increased rate of STEMI associated with increased UFP concentrations at lag hour 0 in the AFTER period compared to the BEFORE and DURING periods remained when also adjusting for interactions between air pollutant and age, sex, smoking, diabetes, dyslipidemia, and heart failure in separate models (Additional file [1](#MOESM1){ref-type="media"}: Table S4), suggesting these differences in period-specific effect estimates were not likely due to differences in the characteristics of the STEMI patients by period and interactions between those characteristics and air pollutant concentrations. Furthermore, as discussed above, the pattern of a larger increased rate of STEMI associated with increased UFP in the AFTER period in the present study is similar to the larger rate of ischemic heart disease hospital admissions associated with increased PM~2.5~ in the AFTER period reported by Zhang et al. across New York State \[[@CR35]\]. This correspondence suggests that difference in study population by period may not be the sole reason for our observed period-specific effects. It is also of note that since the proportion of missing data on clinical characteristics was large in the BEFORE period (18% missing), we may not have accurately compared STEMI patient characteristics between periods.

Fourth, we did not have data on influenza in our study subjects or influenza epidemics occurring during the study period, and thus did not adjust for this variable in our analyses. However, influenza may have been a mediator of the association between air pollution and STEMI, rather than a confounder, as several studies have reported triggering of respiratory infection by short term increases in air pollutant concentrations \[[@CR43], [@CR45]--[@CR48]\], and others have suggested that influenza may trigger acute myocardial infarction \[[@CR49]--[@CR51]\]. Finally, although our inference was primarily made by considering the pattern of STEMI response to pollutants across multiple lag times and not just whether each was statistically significant, type I error in the assessment of the main effect of air pollution on STEMI might be inflated due to multiple comparisons.

Conclusions {#Sec10}
===========

In summary, increased rates of STEMI associated with increased UFP, UFP-11-50 nm, BC, and SO~2~ concentrations were higher in the AFTER period (2014--2016) compared to the BEFORE (2005--2007) and DURING (2008--2013) periods. This may be due to changes in PM composition (i.e. higher secondary organic carbon and particle-bound ROS) following multiple air quality policies and economic changes. The sources and the role of secondary organics and particle-bound ROS in triggering MI need to be further studied.
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AMP

:   Accumulation mode particle

BC

:   Black carbon

CABG

:   Coronary Artery Bypass Grafting

Cath Lab

:   Catheterization Laboratory

CO

:   Carbon monoxide

IQR

:   Interquartile range

NOx

:   Nitrogen oxide

O~3~

:   Ozone

OR

:   Odds ratio

PM

:   Particulate matter

SO~2~

:   Sulfur dioxide

STEMI

:   ST elevation myocardial infarctions

UFP

:   Ultrafine particle

URMC

:   University of Rochester Medical Center
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